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ABSTRACT
X-ray emitting gaseous coronae around massive galaxies are a basic prediction of galaxy formation
models. Although the coronae around spiral galaxies offer a fundamental test of these models, ob-
servational constraints on their characteristics are still scarce. While the presence of extended hot
coronae has been established around a handful of massive spiral galaxies, the short X-ray observations
only allowed for measurements of the basic characteristics of the coronae. In this work, we utilize
deep XMM-Newton observations of NGC 6753 to explore its extended X-ray corona in unprecedented
detail. Specifically, we establish the isotropic morphology of the hot gas, suggesting that it resides in
hydrostatic equilibrium. The temperature profile of the gas shows a decrease with increasing radius:
it drops from kT ≈ 0.7 keV in the innermost parts to kT ≈ 0.4 keV at 50 kpc radius. The temperature
map reveals the complex temperature structure of the gas. We study the metallicity distribution of
the gas, which is uniform at Z ≈ 0.1 Solar. This value is about an order of magnitude lower than
that obtained for elliptical galaxies with similar dark matter halo mass, hinting that the hot gas in
spiral galaxies predominantly originates from external gas inflows rather than from internal sources.
By extrapolating the density profile of the hot gas out to the virial radius, we estimate the total gas
mass and derive the total baryon mass of NGC 6753. We conclude that the baryon mass fraction is
fb ≈ 0.06, implying that about half of the baryons are missing.
Subject headings: galaxies: individual (NGC 6753) — galaxies: spiral — galaxies: ISM — X-rays:
galaxies — X-rays: general — X-rays: ISM
1. INTRODUCTION
According to every modern galaxy formation model,
massive galaxies in the present-day universe are ex-
pected to host quasi-static luminous X-ray coro-
nae (e.g. White & Rees 1978; White & Frenk 1991;
Benson et al. 2000; Toft et al. 2002; Crain et al. 2010;
Vogelsberger et al. 2012). The gaseous coronae – which
extend out to the virial radius of galaxies – are believed to
have emerged in the earliest epochs of galaxy formation.
In the spherical infall model, the gas falling onto the dark
matter halos is heated by accretion shocks to the virial
temperature of the dark matter halo (Larson 1974). For
massive halos (Mvir & 10
12 M⊙), the virial temperature
exceeds∼ 100 eV, hence the shock heated gas is expected
to emit X-rays. In the innermost regions the density of
the gas is high and it can radiatively cool and supply
star formation in the disk of the galaxy. However, pre-
dominant fraction of the gas residing at large radii has
low density, implying that the cooling time of the gas is
comparable or longer than the Hubble-time, resulting in
the formation of quasi-static X-ray coronae. Given that
these coronae were accreted and heated in the early uni-
verse, studying them provides a direct insight into the
most fundamental processes of galaxy formation.
Although galaxy formation models predict extended X-
ray coronae around galaxies with all morphological types,
E-mail: abogdan@cfa.harvard.edu
the cleanest tests are provided by relatively isolated disk-
dominated (spiral) galaxies with quiescent star formation
histories. Unlike their elliptical counterparts, massive
spiral galaxies are often found in isolation and not in the
center of rich galaxy groups and clusters that have their
own gaseous coronae. In addition, spiral galaxies did not
undergo major galaxy mergers, which may trigger vig-
orous star formation activity and the quasar phase of
the central supermassive black hole, thereby altering the
characteristics of the primordial coronae. Although mas-
sive spiral galaxies are ideal to probe galaxy formation
models, due to the scarcity of such galaxies and the faint
X-ray luminosities, it is difficult to explore their coronae
in detail.
Given the fundamental nature of these coronae, all ma-
jor X-ray observatories of the past decades attempted
to explore the X-ray coronae around massive spiral
galaxies. These attempts, mostly focusing on nearby
edge-on disk galaxies, remained unsuccessful for decades
(e.g. Wang 2005; Li et al. 2008; Rasmussen et al. 2009;
Li et al. 2011; Bogda´n et al. 2015). The breakthrough
has been achieved recently, when XMM-Newton, Chan-
dra, and ROSAT observations revealed the presence
of extended coronae around four massive spiral galax-
ies (Anderson et al. 2011; Dai et al. 2012; Bogda´n et al.
2013a,b). The importance of these detections are im-
mense; they demonstrate that relaxed spiral galaxies
have gaseous X-ray coronae that extend well beyond the
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Fig. 1.— Multi-wavelength images of NGC 6753. The star-formation activity is traced by the near-ultraviolet image taken by Galex (left
panel). The image reveals the presence of two star-forming rings: the inner one at about 0.2′ (≈ 2.5 kpc) and the outer one at 1′ (≈ 12.5
kpc) from the center. The DSS R-band image shows the stellar light distribution (middle panel). The star-formation activity seen on the
Galex near-ultraviolet image is associated with the spiral arms of the galaxy. The 2MASS K-band image traces the old stellar population,
hence the K-band image is more compact than that of the R-band image and the bulge of NGC 6753 is the most pronounced. All three
images reveal that the stellar light and the associated star-formation does not extend beyond 1.2′ (≈ 15 kpc).
stellar light and – in a more general context – note that
our basic picture of galaxy formation is correct. How-
ever, it was possible to characterize the hot gas in only
two galaxies: NGC 6753 and NGC 1961. Due to the rel-
atively short initial observations, only the average prop-
erties, namely the gas temperature and the metallicity,
of the gas could be established. Therefore, the detailed
temperature and metallicity structure remained unex-
plored. For the other two detected galaxies (NGC 266
and UGC 12591) only the most basic properties of the
gas, such as its extent and approximate luminosity, could
be established.
To build a more comprehensive picture about the state
of the hot gas in the dark matter halos of massive spiral
galaxies, deep X-ray observations are required. Out of
the four galaxies with detected coronae, NGC 266 likely
has a relatively low, kT ∼ 0.2 keV, gas temperature,
which – combined with its large distance – does not make
it an ideal target (Bogda´n et al. 2013b). While UGC
12591 is a very massive galaxy, it is located at 100 Mpc,
and an 80 ks XMM-Newton observation was not suffi-
cient to measure the gas temperature beyond the optical
extent of the galaxy (Dai et al. 2012). NGC 1961 was an-
alyzed by Anderson et al. (2016), who utilized a 200 ks
XMM-Newton observation. These authors revealed the
temperature structure of the hot gas and built a metal-
licity profile representing the first detailed study of the
thermal and metallicity structure of the gas. However,
one caveat with NGC 1961 is that it may have undergone
a minor merger in the recent past. This implies that the
dark matter halo of NGC 6753 may be disturbed and its
hot gas content may be contaminated.
To extend our understanding about the in-depth
characteristics of gaseous coronae, we utilize deep
290 ks XMM-Newton observations of the spiral galaxy,
NGC 6753. This galaxy is an ideal candidate for the de-
tailed study of its gaseous coronae. Indeed, out of the
four detected coronae NGC 6753 is the most nearby sys-
tem, it is not a member of a rich galaxy group or cluster,
it is not a starburst galaxy (SFR = 15.5 M⊙ yr
−1), and
has relatively low line-of-sight column density. In Fig-
ure 1 we show the GALEX near-ultraviolet, the DSS
R-band, and the 2MASS K-band images (Jarrett et al.
2003). These images point out the nearly face-on1 ori-
entation of the galaxy (i = 30◦). NGC 6753 is compact
relative to its large stellar mass (M⋆ = 3.2 × 10
11 M⊙)
since the dominant fraction of the stellar light and the
associated star-formation activity is confined to r . 1.2′
(. 15 kpc) radius. Moreover, these images reveal the re-
laxed nature of the galaxy, implying that its dark matter
halo and the hot gas within this halo was not disturbed
by a recent interaction or merger. In addition, NGC 6753
is an ideal candidate to probe the characteristics of
its gaseous corona, as our previous X-ray observations
pointed out that the average temperature of its corona
is hot (kT ∼ 0.6 keV) and it is luminous (Bogda´n et al.
2013a), hence readily observable with XMM-Newton.
The goal of this study is to characterize the thermal
and metallicity structure of the hot corona and probe the
baryon content of NGC 6753. These detailed observa-
tional measurements can be used as powerful constraints
to probe the predictions provided by present and future
galaxy formation models.
For NGC 6753 we adopted a distance of D = 43.6
Mpc at which distance 1′ = 12.67 kpc. Following
Bogda´n et al. (2013a), we assume that the virial mass
of the galaxy is M200 ∼ 1.0 × 10
13 M⊙ and its virial
radius is r200 ∼ 440 kpc. The Galactic column den-
sity towards NGC 6753 is NH = 5.4 × 10
20 cm−2
(Kalberla et al. 2005). Throughout the paper we assume
H0 = 71 km s
−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7, and
that all error bars are 1σ uncertainties.
This paper is structured as follows. In Section 2 we
present the X-ray data and discuss their analysis. In
Section 3 we present the surface brightness, density, tem-
perature, and metallicity profiles. In Section 4 we discuss
our results and we summarize in Section 5.
1 HyperLeda: http://leda.univ-lyon1.fr/
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Fig. 2.— 0.3− 2.5 keV band XMM-Newton image of NGC 6753. To create this image, we combined the data from all three observations
and from the PN and two MOS cameras. The presence of extended X-ray emission associated with NGC 6753 is apparent, but it cannot
be traced beyond the innermost ∼ 1′ region due to the relatively high background level and the low signal-to-noise ratio. In addition, a
notable population of luminous point sources are present, most of which originate from background AGN or X-ray binaries. The emission
from these sources significantly contaminates the extended emission, hence we masked them from the analysis of the diffuse emission.
TABLE 1
List of analyzed XMM-Newton observations.
XMM-Newton ttot tfilt tfilt tfilt Observation
Obs ID MOS1 MOS2 PN Date
(ks) (ks) (ks) (ks)
0673170201 73.9 58.7 59.2 27.9 Apr 21, 2012
0782430101 108.0 87.5 87.1 50.0 Apr 12, 2016
0782430201 108.0 93.1 94.3 36.6 Apr 14, 2016
2. DATA REDUCTION
2.1. X-ray observations
NGC 6753 was observed with the European Photon
Imaging Camera (EPIC) aboard XMM-Newton in three
observations for a total of 290 ks. Details about the
observations are listed in Table 1.
The data analysis, including the modeling of the in-
strumental and sky background components, is identical
with that of our previous works (Bourdin & Mazzotta
2008; Bourdin et al. 2013; Bogda´n et al. 2013a). For de-
tails, we refer to these earlier studies, and here we only
summarize the main points of the analysis. The event
lists were processed using the XMM Science Analysis
System (SAS) version 16.0.0 and Current Calibration
Files (CCF). Flare contaminated time intervals were fil-
tered by identifying high background periods in the light
curves extracted from the 1 − 5 keV and 10 − 12 keV
energy ranges. The exposure time of individual obser-
vations before and after flare filtering is listed in Table
1. Overall, the EPIC PN observations are significantly
more affected by the high background periods than the
EPIC MOS data.
To optimize the signal-to-noise ratio of the imaging
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Fig. 3.— The 0.3 − 2.5 keV band “denoised” image of the diffuse emission. This image combines the data from the three individual
observations and three cameras aboard XMM-Newton. All of the background components are subtracted, the vignetting effects are
corrected, and the resolved point sources are masked out. The image was reconstructed from wavelet coefficients thresholded at 3σ. The
image traces the diffuse X-ray emission out to ∼ 2′ (≈ 25 kpc) from the galaxy center and reveals the symmetric nature of the gaseous
emission.
data, we combined the EPIC PN and EPIC MOS ob-
servations and merged the data from the three point-
ings. Luminous point sources could significantly con-
taminate the diffuse emission. Therefore, we identified
these sources following the description of Bogda´n et al.
(2013a) and masked them from further analysis of the
diffuse emission. Instrumental and sky background com-
ponents were spatially and spectrally modeled. The am-
plitudes of the background components were jointly fit-
ted within an annular region centered on the galaxy, in
a galactocentric radius range of 75− 115 kpc, where the
galaxy signal is expected to be negligible. As discussed
in our previous studies, this method yields better than
. 5% background subtraction accuracy in the 0.3 − 2.5
keV energy range.
3. RESULTS
3.1. Images
In the left panel of Figure 2 we show the combined
XMM-Newton image of NGC 6753 in the 0.3 − 2.5
keV band. This image is corrected for spatial varia-
tions of the effective area and background. It reveals
the presence of luminous X-ray sources in the vicinity
of the galaxy, which were excluded from the analysis
of the diffuse emission (see Section 2.1). The typical
size of the excluded source regions was in the range
of 10′′ − 30′′ depending on the luminosity of the point
sources. In addition, prominent diffuse X-ray emission is
associated with the central regions of the galaxy, which
has two different origins. Part of this emission is as-
sociated with the population of unresolved faint X-ray
binaries, which is dominated by low-mass and high-
mass X-ray binaries (Grimm et al. 2003; Gilfanov 2004;
Mineo et al. 2012), with other sources – such as accret-
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Fig. 4.— The left panel shows the surface brightness distribution of the extended X-ray emission in the 0.3− 2.5 keV energy range. The
thick red error bars represent the statistical uncertainties, while the thin black error bars correspond to 5% systematic uncertainty. The
approximately horizontal line represents the combined background level that is already subtracted from the profile. The right panel shows
the model of the electron density distribution of the hot gas. To obtain this model, the surface brightness distribution was fit using a
modified β-model (see Section 3.2). The thin lines represent the uncertainties of the best-fit profile.
ing white dwarfs, coronally active binaries, young stellar
objects and young stars – also contributing to a lesser
significance (Sazonov et al. 2006; Revnivtsev et al. 2006;
Bogda´n & Gilfanov 2008; Bogda´n et al. 2011a). Since
these discrete X-ray emitting components follow either
the stellar light distribution or the star-formation ac-
tivity, they are confined within the optical body of the
galaxy. Additionally, part of the diffuse emission orig-
inates from truly diffuse gaseous emission. However,
within the central regions of the galaxy the X-ray emit-
ting gas may not only arise from the infall of primordial
gas, but it is likely that at least part of the gas originates
from stellar yields that are heated to X-ray temperatures
by the energy input from supernovae (e.g. David et al.
2006; Li et al. 2007; Bogda´n & Gilfanov 2008). Given
that the gaseous components with different origins could
mix and may be heated to similar temperatures, they are
virtually indistinguishable. Therefore, it is more desir-
able to explore the hot corona beyond the stellar body of
the galaxy. Indeed, beyond the optical radius the main
X-ray emitting component is the hot gas that likely orig-
inates from the infall of primordial gas.
Although the hot gas can be traced out to 50 kpc from
the center of NGC 6753 (see Section 3.2 for details), due
to the low signal-to-noise ratio the presence of the large-
scale diffuse emission is not evident in the raw image. To
better explore the diffuse gaseous emission, we depict the
denoised surface brightness image of NGC 6753 in Figure
3. This image is the result of a B3-spline wavelet filtering
using four spatial scales that sample details in the range
of 1.5′ − 13′ arcmin. In this procedure, the X-ray sur-
face brightness is corrected for spatial variations of the
effective area and background, and the noise fluctuation
is approximated as a Gaussian process by using a mul-
tiscale variance stabilizing transformation (Starck et al.
2009). This image traces the diffuse emission out to ∼ 2′
radius and demonstrates the isotropic gas distribution
around NGC 6753, hinting that the hot gas likely resides
in hydrostatic equilibrium.
Although the images demonstrate the presence of X-
ray emission extending beyond the optical radius of the
TABLE 2
Best-fit parameters of the density profile.
Galaxy n0 rc r
†
s α β
† ǫ† γ†
(cm−3) (kpc) (kpc)
NGC 6753 1.8× 10−3 3.90 8.26 2.73 0.30 0 3.0
† These parameters were fixed at the given value.
galaxy, to perform a quantitative analysis of the gas we
study its surface brightness and temperature structure
in the next sections.
3.2. Surface brightness and density profiles
To probe the spatial distribution of the diffuse emis-
sion, we extract its surface brightness profile using cir-
cular annuli centered on the nucleus of NGC 6753. The
0.3 − 2.5 keV band surface brightness profile, shown in
the left panel of Figure 4, was obtained by combining
data from all three observations and cameras. To con-
struct the profile, all point sources were excluded. All
background components are subtracted and their level is
shown with the approximately horizontal line.
The surface brightness profile robustly traces the gas
out to ∼ 50 kpc. Beyond this radius the signal from the
hot gas drops rapidly and the signal-to-noise ratio does
not exceed a factor 2, given the systematic uncertainties
associated with the background subtraction. While sta-
tistical uncertainties would allow for the tracing of the
hot gas beyond these radii, due to the systematics these
results may be inaccurate. Therefore, we conservatively
restrict our study to the hot gas that is confined within
50 kpc of NGC 6753.
Since the predominant fraction of the stellar light of
NGC 6753 is confined to within ≈ 15 kpc (see Figure 1
and Bogda´n et al. 2013a), it is clear from Figure 4 that
the diffuse X-ray emission has a significantly broader dis-
tribution. As discussed in Section 3.1, at radii & 15 kpc
the diffuse emission is dominated by truly diffuse gas and
the emission from unresolved compact objects associated
with the galaxy does not play a significant role. In addi-
tion, the hot gas at these larger radii is likely dominated
6 BOGDA´N ET AL.
Fig. 5.— X-ray energy spectrum of NGC 6753 extracted from
the 20 to 50 kpc radial region. The top, middle, and bottom pan-
els show the spectra extracted from the EPIC PN, EPIC MOS1,
and EPIC MOS2 cameras. The spectra are fit with an absorbed
optically thin thermal plasma emission model. The data and the
overall best-fit model are shown with the black and red lines, re-
spectively. The combined emission from the background is shown
with the dark blue lines, and the emission associated with the ther-
mal spectrum is shown with the light blue lines.
by the accreted primordial gas and is not recycled gas
that was expelled from evolved stars and heated to X-
ray temperatures. Taking these together, it is the most
ideal to study the diffuse gaseous emission between the
20-50 kpc radial range.
From the surface brightness distribution of the hot gas
we derive its density profile. We fit the surface brightness
profile in the 0.5′ − 4′ (6.3 − 50.7 kpc) region with a
modified β-model described by Vikhlinin et al. (2006).
By assuming a constant metallicity (see Section 3.3), we
compute the emission measure profile as a function of the
radius using
npne = n
2
0
(r/rc)
−α
(1 + r2/r2c)
3β−α/2
1
(1 + rγ/rγs )ǫ/γ
, (1)
The main advantage of this more complex model over
a traditional β-model is that it can accurately fit a wide
range of X-ray surface brightness profiles. For details
on the individual parameters we refer to Vikhlinin et al.
(2006). The best-fit parameters of the density profile are
tabulated in Table 2. The density profile is depicted in
the right panel of Figure 4. The profile shows that the
electron density drops from 1.3 × 10−3 cm−3 at 20 kpc
to 0.4× 10−3 cm−3 at 50 kpc.
3.3. Temperature and metallicity profiles
Thanks to our deep 290 ks XMM-Newton observations,
we are in a unique position to probe the temperature
and metallicity structure of the gaseous corona around
TABLE 3
Best-fit parameters of the spectral fits.
Region kT Z⊙
(arcmin) (keV) (Solar)
0.055− 0.102 0.75+0.08−0.06 0.102
+0.021
−0.016
0.102− 0.187 0.74+0.05−0.04 0.094
+0.012
−0.010
0.187− 0.344 0.70+0.04−0.04 0.079
+0.007
−0.007
0.344− 0.694 0.71+0.04−0.03 0.077
+0.009
−0.007
0.694− 1.381 0.61+0.04−0.04 0.118
+0.013
−0.011
1.381− 2.314 0.47+0.08−0.05 0.124
+0.019
−0.016
2.314− 3.837 0.39+0.09−0.03 0.075
+0.014
−0.012
NGC 6753 in unprecedented detail. To this end, we ex-
tract X-ray energy spectra of the diffuse emission around
NGC 6753. Given the different response functions of the
three cameras, we extract individual spectra for the PN
and two MOS cameras and fit the spectra simultaneously.
To fit the hot gaseous emission, we utilize an optically
thin thermal plasma emission model (apec in Xspec),
which provides measurements of the temperature and
metallicity of the gas. Therefore, both of these pa-
rameters were allowed to vary during the fitting pro-
cess. We note that we used the abundance table from
Grevesse & Sauval (1998). For all regions we also added
an absorption component that was fixed at the Galactic
value (NH = 5.4 × 10
20 cm−2). In Figure 5 we show
the representative X-ray energy spectrum of the 20− 50
kpc radial region, which shows the contribution of back-
ground components, the emission originating from the
hot gas, and the overall quality of the fit.
To study the azimuthally averaged radial profiles of
the gas temperature and metallicity, we extracted X-ray
spectra of seven regions using circular annuli centered on
the nucleus of NGC 6753. Using the above described fit-
ting procedure, we construct temperature and metallicity
profiles that are depicted in the left and right panels of
Figure 6, respectively. The best-fit values are listed in
Table 3.
The radial temperature profile reveals that the gas
temperature is non-uniform and shows a decreasing trend
toward larger radii. Indeed, while within the optical
body of the galaxy we measure kT ≈ 0.75 keV, the
temperature drops to kT ≈ 0.4 keV beyond 2′. The
observed temperature profile is similar to that obtained
for NGC 1961 (Anderson et al. 2016) and suggests that
the decrease in gas temperature toward larger radii may
be a common phenomena in massive isolated disk galax-
ies. We note that the observed temperature gradi-
ent is similar to that observed in X-ray faint ellipti-
cal galaxies, which show flat or declining temperature
profiles (e.g. Fukazawa et al. 2006; Humphrey & Buote
2006). These galaxies, similarly to NGC 6753 and
NGC 1961, are preferentially located in relatively iso-
lated environments. Therefore, the luminous X-ray
atmospheres of rich galaxy groups or clusters do not
dominate over the observed emission from galaxy coro-
nae at larger radii. Alternatively, it is also possible
that the negative temperature gradients are due to the
presence of partial winds (e.g. Pellegrini & Ciotti 1998;
Mathews & Brighenti 2003), in which scenario the out-
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Fig. 6.— Azimuthally averaged radial profile of the hot gas temperature (left panel) and metallicity (right panel). To obtain the best-fit
values we described the thermal emission with a single temperature, optically thin thermal plasma emission model. During the fitting
procedure both the temperature and metallicity were fit as free parameters. The dotted histogram shows the best-fit analytic temperature
model. The temperature profile notes that the temperature of the hot gas decreases with an increasing radius and drops to ∼ 0.4 keV
beyond 2′. However, the metallicity is virtually uniform at every radius at Z ∼ 0.1 Solar.
flow is suppressed in the central regions of the galaxy,
but a (subsonic) wind is maintained at the outer parts
of galaxies.
Although, the temperature profile suggests an overall
decrease as a function of an increasing radius, based on
this profile it cannot be established whether the hot gas
exhibits a notable temperature structure. To explore the
presence of any temperature structure around the gas,
we use two approaches. First, we construct a denoised
temperature map of NGC 6753. The image, depicted in
Figure 7, was derived following the spectral-imaging al-
gorithm described in Bourdin & Mazzotta (2008). This
temperature map explores the temperature structure of
the gas within 30 kpc radius, since at larger radii the
signal-to-noise ratio is not sufficiently high enough to
construct the map. This temperature map points out
the complex temperature structure of the gas within the
inner 30 kpc region. Specifically, we detect a hotspot in
the north and a hotter filamentary region on the south-
west of the galaxy. Second, we extracted energy spectra
using circular wedges in the 20−50 kpc region with open-
ing angles of 60◦. The spectra were fit with an optically
thin thermal plasma emission model. In this tempera-
ture profile, shown in Figure 8, 0◦ and 90◦ correspond
to east and north, respectively. Although the best-fit
temperatures have notable uncertainties, this plot hints
at the existence of temperature non-uniformities at the
1σ − 2σ level. Specifically, between the position angles
of 60◦ − 180◦ we observe cooler, kT ∼ 0.4 keV, gas tem-
peratures, while in other regions hotter (kT ∼ 0.6 keV)
gas dominates. As a caveat, we mention that these tem-
perature measurements are luminosity-weighted, hence
the best-fit temperatures are more strongly influenced
by the more luminous inner regions than those of the
outer regions of NGC 6753. Nevertheless, this temper-
ature profile in in agreement with the temperature map
and notes the complex temperature structure of the gas.
The radial metallicity profile, presented in the right
panel of Figure 6, demonstrates that the hot gas has
virtually uniform metallicity, Z ∼ 0.1 Solar, from the
central regions out to 4′ radius. To probe whether the
observed spectra can be fit with higher metallicities, we
fixed the metallicities at 0.3 Solar and 1 Solar and re-fit
the spectra. The best-fit spectra, particularly the EPIC-
PN data that has a larger collecting area, showed large
residuals with higher metallicities, and the resulting re-
duced χ2/d.o.f. > 2 values were formally not acceptable.
This conclusion holds whether we investigate narrow an-
nuli (see the regions in Table 3) or broader regions (e.g.
an annulus with 20−50 kpc radii). This implies that the
low observed metallicities are a genuine characteristics of
the hot gas in an around NGC 6753.
3.4. Mass profiles
The presence of extended hot gaseous emission around
NGC 6753, combined with the well-constrained density
and temperature profile within 50 kpc radius, allows us
to compute the total gravitating mass of the galaxy.
Clearly, this measurement is independent from that ob-
tained from other methods, such as that based on the
circular velocity of the galaxy (Bogda´n et al. 2013a).
Assuming that the hot gas has a spherically symmetric
distribution and resides in hydrostatic equilibrium in the
gravitational potential well of the galaxy, we can infer
the total gravitating mass using
Mtot(< r) = −
kTgas(r)r
Gµmp
(
∂ lnne
∂ ln r
+
∂ lnTgas
∂ ln r
)
,
where Tgas and ne are the deprojected temperature and
density, respectively.
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Fig. 7.— Temperature map of the hot gaseous emission around NGC 6753. To construct the temperature map, we applied B-spline
wavelet filtering following Bourdin & Mazzotta (2008). The angular sectors (0− 20 kpc and 20− 50 kpc annuli) that were used to extract
the temperature profiles depicted in Figure 8 are over plotted. Due to the low signal-to-noise ratios, an accurate temperature map cannot
be constructed beyond ∼ 30 kpc radius. Note that the temperature map reveals the complex temperature structure of the hot gas with
hotspots and cooler regions.
We carry out the deprojection by using analytical dis-
tributions of ne and Tgas, where ne is defined in Equation
(1) and Tgas is a power law of the galactocenric radius.
These 3D distributions are integrated along the line-of-
sight and simultaneously fit to the X-ray surface bright-
ness profile and the spectroscopic temperature profile.
This procedure assumes a 2D convolution of the surface
brightness with the XMM-Newton point spread function,
and a temperature weighting scheme first proposed in
Mazzotta et al. (2004), that mimics the spectroscopic re-
sponse of a single temperature fit inside each temperature
bin. To further derive confidence envelopes around ne,
Tgas, andMtot, this procedure is repeated on 400 random
realizations of the surface brightness and on temperature
profiles.
The best-fit gravitating mass profile is shown in Figure
9, where we also depict the mass profiles of the hot gas
and the stellar mass. Since the density and temperature
profiles are measured out to 50 kpc, we must extrapo-
late beyond this radius. To this end, we extrapolate the
density profile by using the the best-fit model described
in Section 3.2 and the parameters listed in Table 2. For
the temperature profile we assumed that beyond 50 kpc
it remains constant kT = 0.4 keV out to the virial ra-
dius. This choice is motivated by the observed temper-
ature profile of galaxy groups and clusters that exhibit
an approximately flat temperature profile at large radii
(Lovisari et al. 2015). We estimate that the total mass
within 440 kpc is 1.4 × 1013 M⊙, which is broadly con-
sistent with that estimated based on the rotation curve
of NGC 6753 (Bogda´n et al. 2013a). We emphasize that
this value should be considered as an estimate since the
density and temperature profiles are only traced out to
50 kpc, which corresponds to ≈ 11% of the virial radius.
4. DISCUSSION
4.1. Baryon mass fraction
Measuring the baryon mass fraction of galaxies has im-
portant implications for galaxy evolution. Specifically,
by probing the baryon content of galaxies, we can con-
strain the effects of AGN feedback and probe whether
a notable fraction of gas was expelled from the gravita-
tional potential well or was driven to larger radii. In
galaxies, it is believed that, besides the stellar mass,
the X-ray emitting gaseous component is the major con-
stituent of the baryonic matter. Indeed, based on results
from the COS-Halos survey it was established that only
a fraction of the missing baryons are in the phase of cool
(T ∼ 104 K) ionized gas (e.g. Werk et al. 2014). There-
fore, it is essential to constrain the total hot gas mass
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Fig. 8.— Temperature distribution of the hot gas measured in circular wedges in the 0− 20 kpc (left panel) and 20− 50 kpc (right panel)
regions. The position angles 0◦ and 90◦ correspond to east and north, respectively. The depicted values are the best-fit temperatures
obtained from the spectra extracted from each wedge. Despite the small scale temperature fluctuations (see Figure 7), the average
temperature within 20 kpc is uniform at kT ≈ 0.6 keV. However, the profile extracted from the 20 − 50 kpc region indicates notable
temperature structures and hints that the gas is cooler in the 60◦ − 180◦ region than anywhere else.
within the virial radius and constrain the baryon mass
fraction of the galaxies.
Given that our X-ray measurement can constrain the
gas properties out to 50 kpc or ∼ 11% of the virial ra-
dius, we must extrapolate the gas mass profile out to the
virial radius. To derive the total gas mass, we integrate
the extrapolated density profile out to the virial radius
and assume that the X-ray emitting gas has a constant
0.4 keV temperature beyond 50 kpc. This extrapolation
results in a total gas mass of 4.0 × 1011 M⊙. We em-
phasize that this extrapolation has notable systematic
uncertainties, which have two main origins (for details
see Bogda´n et al. 2013a). First, it stems from the fact
that only a small fraction of the total volume is probed,
and hence, about 97% of the X-ray gas remains hidden
from our X-ray study. Specifically, both the gas density
and temperature profiles are extrapolated beyond 50 kpc
radius. If these profiles deviate from the assumed pro-
files, that could significantly alter the estimated total gas
mass. Second, if the metallicity of the gas differs from
the best-fit value, that would result in a change in the
emission measure and in the gas mass due to the degen-
eracy between the metallicity and the emission measure.
Therefore, if the gas has notably higher metallicity than
the observed ∼ 0.1 Solar value, the gas masses must be
reduced.
To compute the total baryon mass, we must include
other baryonic components within the virial radius.
Specifically, we must account for galaxies within the
virial radius and gas in other phases. We derive the
stellar mass from the 2MASS K-band images and by uti-
lizing the K-band mass-to-light ratio (M/L = 0.81) ob-
tained from the relation established by Bell et al. (2003)
and the B − V color index. We find that he total stellar
mass of NGC 6753 is M⋆ = 3.2× 10
11 M⊙. In addition,
NGC 6753 holds a notable amount of HI gas, namely
M⋆ = 2 × 10
10 M⊙. Besides NGC 6753, several fainter
galaxies are located in the proximity of NGC 6753, which
have similar redshifts and are within the projected dis-
tance of the virial radius. Given the distance of D = 43.6
Mpc of NGC 6753, we filtered for galaxies within the red-
shift range corresponding to 38.6− 48.6 Mpc and within
a projected distance of 35′ (440 kpc). With these param-
eters we identified five galaxies that have K-band mag-
nitudes in the range of mK = 13.4 − 15.5 magnitudes.
Therefore, we assume that these galaxies are located
within the virial radius of NGC 6753 and compute their
stellar mass from their 2MASS K-band magnitude and
the corresponding mass-to-light ratios. The total stellar
mass of these satellites is M⋆ = 1.0 × 10
11 M⊙. Taking
these components together, we find that the total baryon
mass, excluding the hot gaseous phase, is 4.4× 1011 M⊙.
To obtain the total baryon mass within the virial ra-
dius of NGC 6753, we add the total hot gas mass. We
thus find that the total baryon mass of NGC 6753 is
Mb,tot = 8.4 × 10
11 M⊙. Based on the total baryon
mass, we compute the baryon mass fraction as fb =
Mb,tot/(MDM+Mb,tot) and obtain fb = 0.06. Given that
the cosmic value is fb,WMAP = 0.156±0.002 based on the
measurements from Planck Collaboration et al. (2016),
we conclude that NGC 6753 is missing about half of its
baryons (Figure 10). This conclusion is in line with other
studies that established that even galaxy groups, which
may have similar or slightly higher virial mass, have a
fraction of their baryons missing (Giodini et al. 2009).
In addition to the baryon mass fraction within the
virial radius, we also derive the baryon mass fraction
within 50 kpc of NGC 6753. We note that the baryon
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Fig. 9.— Mass profiles of NGC 6753. The black curves repre-
sent the total gravitating mass computed under the assumption of
hydrostatic equilibrium (see Section 3.4). The red curves depict
the distribution of the hot gas mass. The blue curve shows the
stellar mass distribution of NGC 6753. The total gravitating mass
and the gas mass is measured within 50 kpc (solid lines), beyond
which we extrapolate the distribution to the virial radius (dashed
lines). The thin lines above and below the total mass and gas mass
represent the statistical uncertainties.
mass fraction within this region is not affected by system-
atic uncertainties due to the unknown gas density profile
at larger radii. While this measurement is less represen-
tative, due to its robust nature it provides a useful basis
to compare with the results of present and future galaxy
formation simulations. To derive the baryon mass within
this radius, we include all of the above listed baryonic
components except for the stellar mass of other galaxies.
Within 50 kpc the total hot gas mass is 1.0 × 1010 M⊙,
hence the total baryon mass is 3.3× 1011 M⊙. Note that
the total mass within this region is dominated by stars.
The total dark matter halo mass within this region is in-
ferred from Section 3.4 and is 1.7× 1012 M⊙. Hence, the
total baryon mass fraction is fb ≈ 0.16, which is in line
with the Planck results (Figure 10).
4.2. Metallicity of the gas
The spectral analysis of the hot gas noted that it has
strictly sub-Solar (Z ∼ 0.1 Solar) abundance at ev-
ery radii. These values are similar albeit slightly lower
than the values obtained for NGC 1961, which showed
a metallicities consistent with Z ∼ 0.2 Solar at ev-
ery radius (Anderson et al. 2016). The low metallic-
ities for NGC 1961 and NGC 6753 are in stark con-
trast with the values obtained for luminous elliptical
galaxies. Indeed, in massive ellipticals the metallic-
ity of the hot gas is around Solar (Kim & Fabbiano
2004; Humphrey & Buote 2006), while lower-mass el-
lipticals (. 1011 M⊙) exhibit sub-Solar metallici-
ties (Bogda´n et al. 2012) similar to that observed for
NGC 6753 or NGC 1961.
As a caveat we mention that the low metallicities may
partly be caused by the so-called iron-bias (e.g. Buote
2000). In Section 3.3 we demonstrated that the hot gas
in the corona of NGC 6753 exhibits a temperature gra-
dient and an azimuthal structure. Based on these, it
is feasible that applying a single temperature model to
measure the metal abundances results in an underesti-
mated metallicity. To alleviate this issue, it would be
ideal to utilize a more complex model, including two ther-
mal components. However, in the outskirts of NGC 6753
the signal-to-noise ratios are not sufficiently high enough
to utilize a two temperature model and obtain constrain-
ing parameters. Thus, based on the present data set it
cannot be excluded that the true metallicities are signif-
icantly higher than those of the best-fit values obtained
from fitting single temperature models.
Based on the hot gas mass within 50 kpc (1.0 ×
1010 M⊙) and the virial radius (4.0 × 10
11 M⊙) and by
using the metallicity of 0.1 Solar, we estimate the total
iron mass in NGC 6753. Given the iron abundance of
1.23× 10−3 by mass (Grevesse & Sauval 1998), we esti-
mate that the total iron mass within 50 kpc and within
the virial radius is 1.23 × 106 M⊙ and 4.92 × 10
7 M⊙,
respectively. Type Ia Supernovae (SN Ia) play a ma-
jor role in enriching the interstellar medium with iron-
peak elements. Specifically, each SN Ia event provides
about 0.7 M⊙ of iron (Nomoto et al. 1984; Iwamoto et al.
1999). For S0a/b galaxies the typical SN Ia rate is
0.046+0.019
−0.017 SNuM, where 1 SNuM is equivalent with 1
SN Ia per 1010 M⊙ per century (Mannucci et al. 2005).
Given the stellar mass of NGC 6753, this corresponds
to an SN Ia rate of 0.021 year−1 and an iron yield of
0.015M⊙ year
−1. Therefore, the iron mass within 50 kpc
and the virial radius can be produced in about 82 Myrs
and 3.3 Gyrs, which timescales are much shorter than the
age of the galaxy. This implies that a significant fraction
of the iron produced by SN Ia may be missing, especially
from the innermost regions of NGC 6753. It is feasible
that at least part of the iron does not mix with the inter-
stellar medium (Brighenti & Mathews 2005), but cools
to low temperatures, and hence remains hidden from X-
ray observatories. Alternatively, part of the iron may
leave the galaxy in a wind to the outskirts of the corona.
This would imply that the iron abundance is not uniform
out to the virial radius, but a metallicity gradient may
be present. Although it would be crucial to probe the
outskirts of the hot corona around NGC 6753 to resolve
these outstanding questions, due to the faint nature of
the coronae this remains infeasible for the current gener-
ation of X-ray telescopes (Section 4.3).
In a simple picture, low metallicity can be achieved by
either metal-rich outflows or metal-poor inflows. Given
that the metallicity of NGC 6753 and NGC 1961 is con-
sistent with ∼ 0.1 − 0.2 Solar out to ∼ 50 kpc, it is un-
likely that metal-rich outflows dominate the hot corona
of these galaxies. Heavy elements lifted by the out-
flows would mix with the hot gas and result in a pos-
itive metallicity gradient outwards, which is inconsistent
with our XMM-Newton data. Therefore, in (massive)
spiral galaxies metal-poor inflows of primordial gas likely
play a role. As opposed to this, hot gas arising from the
stellar yields of evolved stars and heated by the energy
input of supernovae may play a more notable role in el-
liptical galaxies (Knapp et al. 1992; Bogda´n & Gilfanov
2008; Conroy et al. 2014). The reality, however, is pos-
sibly more complex than this simple picture, since mul-
tiple processes may play a notable role, such as simul-
taneous inflow and outflow, mixing and stirring of the
gas in the corona with the gas expelled from winds, and
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Fig. 10.— Gas mass fraction as a function of radius for
NGC 6753. Note that the curve only includes the hot gas mass and
that other baryonic components are excluded. The shaded area
represents the statistical uncertainties. The solid horizontal line
and the shaded area correspond to the cosmic baryon mass fraction
based on the findings of Planck Collaboration et al. (2016). We
show the total baryon mass fraction (including all baryonic compo-
nents) of NGC 6753 within 50 kpc and within 440 kpc. Within 50
kpc the stellar mass dominates while the dark matter contributes
to a lesser extent (see Figure 9), which results in fb ≈ 0.16. Within
440 kpc the baryon mass fraction falls short of the cosmic value.
AGN activity. To further probe this picture, it would be
essential to confront our observational results with mod-
ern galaxy formation simulations, such as IllustrisTNG
(Vogelsberger et al. 2017). However, such a comparison
is beyond the scope of the present work, and will be the
subject of a future publication.
4.3. Future prospects
The present study of NGC 6753 represents the second
detailed investigation of the hot X-ray corona around a
massive spiral galaxy. While the main conclusions of the
properties of the hot corona are similar for NGC 6753
and NGC 1961, it must be realized that both the present
work and the study by Anderson et al. (2016) explored
the hot gas residing in the inner ≈ 0.11r200 of two ex-
tremely massive spiral galaxies. Therefore, to generalize
the conclusions achieved in these works, it would be nec-
essary to explore the hot corona out to larger radii and to
probe a larger sample of less massive galaxies. However,
as we discuss below, due to the limitations of the cur-
rently operating X-ray missions, the exploration space is
limited.
Given that the dominant fraction of the hot gas resides
in the outskirts (i.e. beyond 0.11r200) of the galaxies, it
would be essential to observationally probe the character-
istics of the hot gas at these larger radii. However, due to
the low density and/or the low temperature of the gas,
the emission measure of the gas drops rapidly with an
increasing radius. As a result, the systematic uncertain-
ties associated with the relatively high background level
dominate at large radii, and make any studies virtually
unfeasible.
Since NGC 6753 and NGC 1961 represent the rare
class of massive star-forming galaxies, it would be ideal
to explore the hot gaseous coronae of lower-mass spiral
galaxies. However, galaxy formation simulations predict
that the hot corona around these galaxies is significantly
fainter and has lower gas temperature. This is consistent
with the non-detections of X-ray coronae around low-
mass spiral galaxies (Bogda´n et al. 2015). Due to the
relatively low sensitivity of XMM-Newton and Chandra
at energies below 0.5 keV and the associated high back-
ground, it is extremely challenging to detect the extended
X-ray corona around Milky Way type galaxies with these
instruments.
To explore the hot gaseous coronae out to larger radii
and around lower-mass spiral galaxies, the next gener-
ation of telescopes is required. Indeed, Athena or the
proposed Lynx mission will provide the necessary col-
lecting area to study the extended hot corona around a
notable sample of spiral galaxies out to a significant frac-
tion of the virial radius. The observations taken with
the next generation of X-ray telescopes will allow us to
further probe the temperature and metallicity structure
of the gas, thereby understanding the evolutionary pro-
cesses that influence the galaxies from their formation
until the present day.
5. CONCLUSIONS
In this work, we study the hot gaseous X-ray corona
around NGC 6753, a massive spiral galaxy. To this
end, we utilize 290 ks deep XMM-Newton observations.
Thanks to these deep observations we can explore the
gaseous corona of the galaxy in unprecedented detail.
Our results can be summarized as follows.
1. We confirm the presence of a luminous X-ray
corona around NGC 6753, which can be robustly
traced out to 50 kpc radius from the nucleus of the
galaxy. Beyond this radius the systematic uncer-
tainties dominate the overall X-ray signal.
2. Based on a denoised X-ray image we find that the
gaseous X-ray emission is isotropic and does not
show signatures of disturbances or outflows.
3. We derive a detailed gas temperature profile that
reveals a decreasing trend from 0.75 keV in the cen-
tral regions to 0.4 keV beyond ∼ 25 kpc. We fur-
ther probe the temperature structure of the gas by
constructing a temperature map of the inner 30
kpc of the galaxy, which demonstrates the complex
temperature distribution.
4. We explore the metallicity distribution of the hot
gas and find that it shows strictly sub-Solar (Z ∼
0.1 Solar) metallicities at every radius. We spec-
ulate that the low metallicities may be a conse-
quence of metal poor cold flows and the quiescent
star-formation history of NGC 6753.
5. By extrapolating the gas mass profile, we estimate
the total baryon mass of NGC 6753, and compute
the baryon mass fraction of the galaxy. We
conclude that it is fb = 0.06, which falls short
of the cosmic value, implying that the galaxy is
missing about half of its baryons.
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